Various anthraquinonoid colouring matters grouped into (a) monomeric anthraquinones, (b) bianthraquinones and (c) modified bianthraquinones were isolated from Penicillium islandicum, P. rugulosum, and other fungi. The unusual cagelike structures of hepatotoxic luteoskyrin, (-)rubroskyrin, ( + )rugulosin and their analogues are elucidated. The absolute stereochemical structures of these fungal colouring matters have been established on the basis of the x-ray crystallographical analysis of a bromination product of (+)tetrahydrorugulosin. The photoreaction of (-)luteoskyrin is discussed in elucidatirrg the structure of the product, lumiluteoskyrin. In addition, (-)flavoskyrin, isolated from a strain of Penicillium islandicum, has now been proved to be a modified bianthraquinone. An unusual dimerization reaction of the dihydroanthraquinones which were synthesized as model compounds for flavoskyrin is also discussed. ( + )Rugulosin, skyrin, some fungal modified bixanthones and their related compounds have recently been found in certain Iichens. The biogenetical correlation between the metabolites offungi and lichens is discussed in the light ofstudies on the secondary metabolism oflichen mycobionts.
INTRODUCTION
During the past several years, my co-workers and I have been much concerned with the problems of the anthraquinonoid colouring matters produced by Pencillium islandicum Sopp, P. rugulosum Thom and some other related fungi 1 • 2 • Until now more than twenty anthraquinoids have been isolated from these fungi, which are grouped into (a) monomeric anthraquinones, (b) bianthraquinones and (c) modified bianthraquinones 1 -4 . The modified bianthraquinones, luteoskyrin, rubroskyrin and rugulosin, are n'ot only remarkable with their peculiar chemical structures but also notable with respect to their biological activities as mycotoxins. The hepatotoxicity ofluteoskyrin of Pencillium islandicum which can cause liver cirrhosis and sometimes liver carcinoma in long term feeding experiments on mice and rats drew general attention, because the mould producing this compound has been found polluting some foodstuffs such as stored rice grains 5 -7 . This happened in our country a few years before aflatoxin was reported as the factor of Turkey-X disease in England at the site of pyrimidine bases in the presence of magnesium ion to inhibit the synthesis of nuclear RNA by the modification of DNA-dependent RNA-polymerase 10 - 13 . The toxic effects of ( + )rugulosin have also been studied extensively by U eno and his collaborators 14 to show a similar but less toxic effect in comparison with (-)luteoskyrin, while (-)rugulosin has been found to have a weaker activity than the (+)isomer.
In the earlier stages of our investigation on these fungal metabolites, we proposed to represent the structures of (-)luteoskyrin, (-)rubroskyrin and ( + )rugulosin as formulated at (I), (II) and (I'), respectively; these were mainly based on their chemical reactions and i.r. spectral data 15 • 16 . (-)Luteoskyrin, C 30 The completely aromatic bianthraquinones occurring in Pencillium islandicum as weil as those derived from (-)luteoskyrin, (-)rubroskyrin and ( + )rugulosin by dehydration reactions show optical activity caused by the atropisomerism 17 . ( + )Iridoskyrin (III) naturally occurring or derived from (-)luteoskyrin and (-)rubroskyrin shows an opposite chirality about the c--c linkage with that of (-)dianhydrorugulosin (III') derived from ( +) rugulosin. This has been demonstrated by means of the ORD measurements.
(-)LUTEOSKYRIN, (-)RUBROSKYRIN AND ( + )RUGULOSIN THE RENEWED INVESTIGATIONS
It has been found by renewed examination of the structures of ( + )rugulosin and (-)luteoskyrin using n.m.r. spectrometry that the structural formulae (1) and (I') formerly proposed are inconsistent with the n.m.r. spectral data which . This indicates the presence of a quaternary carbon atom close to the secondary alcohol (originally the non-chelated C=-0) at the 9 and 9' positions. The n.m.r. spectral evidence mentioned above reveals the presence of a structural system
(~a) (9) 111 in ( + )tetrahydrorugulosin and a corresponding system
(~a) (9) in ( + )rugulosin. The same correlations are shown in the n.m.r. spectra of (-)tetrahydroluteoskyrin and (-)luteoskyrin. ..- The higher shift of the n.m.r. signal (b) which is now assigned to the proton at C(l,l') must have resulted from the conversion of C=O at C(9,9') into secondary alcohol on reduction. Thus the partial structures of (-)luteoskyrin and ( + )rugulosin can be illustrated as follows:
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The monomeric halves of these compounds are linked to each other at C(l) and C(l'), while C(9a), C(9'a), C(3) and C(3') must be occupied by C-C linkages. If the other two linkages are present between C(3) and C(9'a) as weil as between C(3') and C(9a), (-)luteoskyrin and ( + )rugulosin can be formulated as (IV) and (VI), respectively 18 • 19 . Basedonthese structures, the n.m.r. 112 spectral signals a, band c are assigned to the protons at C(3,3'), C(1,1') and C(2,2'), respectively, whose stereochemical correlations are proved by the decoupling process: a +---* c (J = 5.5 Hz); b +---* c (J = 1 "' "' 2Hz). The dihedral angle between H(1) and H(2 eq) is about 60°, and the coupling constant calculated from the Karplus equation--is about 2 Hz; the dihedral angle between H(2) and H (3) is about 40° and the coupling constant is about 6 Hz. The H(l) and H(3) are located on a 5-membered ring with an equatorial conformation affecting each other by a lang range coupling to result in a broad singlet of the signal b. lt has been known for some time that (-)-rubroskyrin, a deep red coloured quinonic pigment, is readily transformed into (-)luteoskyrin, a non-quinonic yellow pigment, by the action of pyridine. So the n.m.r. spectrum of (-)rubroskyrin was examined in relation to the revised structure of (-)luteoskyrin.
(-)Rubroskyrin triacetate prepared from (-)rubroskyrin with acetic anhydride and p-toluenesulphonic acid at room temperature showed a pair of doublets with a large coupling constant (J = 17.5 Hz) in the higher field of its n.m.r. spectrum to indicate the presence of a methylene in the hydrogenated ring portion. The coupling of the n.m.r. spectrum (e +---* f, d +---* a, d +---* c and c +---* b) revealed the structural system shown in the dimeric molecule.
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The dihedral angle between H(1') and H(2') is about 90° giving no coupling pattern, while those between H(l) and H(1'), H(1) and H(2) and H(2) and H (3) are approximately 30° to 40° giving coupling constants of about 5 Hz. Hence the structural formula of (-)rubroskyrin is considered tobe (V) 19 . By analogy with the findings of Scheuer et al. 20 • 21 in the n.m.r. spectra of alkylnaphthazarin derivatives which exhibit the signal of a proton on the quinone ring at higher field than the benzenoid protons, the proton signals of (-)nibroskyrin at b 6.80 p.p.m. and 7.15 p.p.m. should be assigned respectively to the quinonoid and benzenoid protons. The former proton showed a weak coupling with the methyl signal at b 2.20 p.p.m.
The revised structures of (-)luteoskyrin (IV), (-)rubroskyrin (V) and ( + )-rugulosin (VI) Iook very unusual in appearance, but the cagelike structure connecting two monomeric moieties with three C-C linkages could be set up with the Dreiding model without any ,strain. These structures can also be rationalized biogenetically when a hypothetical intermediate (VII) is subjected to the intramolecular Micliael-type reaction. (chelated C=O). It is readily converted into (-)deoxyluteoskyrin by the action of pyridine under the same conditions which transform (-)rubroskyrin into (-)luteoskyrin. The n.m.r. spectral pattem of (-)deoxyluteoskyrin is superirnposable with the combination of those of (-)luteoskyrin and ( + )rugulosin indicating that (-)deoxyluteoskyrin is a non-equivalent dimer consisting of the monomeric halves of luteoskyrin and rugulosin.
Oeoxyl uteos kyrin (-)Deoxyrubroskyrin shows an u.v. spectral curve which consists of those of rubroskyrin and rugulosin indicating that a hydroxyl is not present at the 8' -position of the non-quinonic moiety.
By thermal decornposition as weil as by electron impact, (-)deoxyluteoskyrin (M+ 558) gave one mole each of chrysophanol, emodin, islandicin and catenarin. This corresponds to the thermal decomposition and electron impact fragmentation of (-)luteoskyrin (M+ 572) giving islandicin and catenarin and those of ( + )rugulosin giving chrysophanol and emodin. In order to establish the absolute stereochemical structure of ( + )rugulosin by x-ray crystallography using the heavy atom method, a bromo derivative of ( + )tetrahydrorugulosin was prepared; this formed a suitable single crystal On the basis of the stereochemical structure of ( + )dibromodehydrotetrahydrorugulosin which was established by x-ray crystallographic analysis, the absolute stereochemical structures of ( + )tetrahydrorugulosin, ( + )-rugulosin, (-)luteoskyrin and (-)rubroskyrin and all their related derivatives have been formulated unequivocally.
THE PHOTOREACTION OF (-)LUTEOSKYRIN
One of the most characteristic properties of (-)luteoskyrin is its photosensitivity in being converted into a deep coloured quinonic compound named lumiluteoskyrin 25 The structure (XIII) has been put forward to represent lumiluteoskyrin 27 , and the mechanism of photooxidation which is also shown by (-)deoxyluteoskyrin (VIII) is illustrated below. As ( + )rugulosin which possesses no p-dihydroxyl system in the benzenoid portion of its molecule is stable against illumination by light, the photoreaction initiates at the p-diketones chelated with the p-diphenolic system in the molecules of luteoskyrin and deoxyluteo- Asaminor analogue of(-)luteoskyrin, (-)4a-oxyluteoskyrin, C 30 H 22 0 13 , yellowneedles,m.pt > 250°(decomp.), wasisolatedfromPenicilliumislandicum, while ( + )4a-oxyrugulosin, C 30 H 22 0 11 , yellow rods, m.pt >270°(decomp.) was obtained from Penicillium brunneum. These compounds were prepared on oxidation with perfluoroacetic acid along with the 4a,4'a-dihydroxylated derivatives from (-)luteoskyrin and ( + )rugulosin, respectively. The n.m.r. spectral data agreed with the following structural formulae (XV) and (XVI) for ( + )4a-oxyrugulosin and (-)4a-oxyluteoskyrin, respectively: 11 (XV), ( +) 4a-oxyrugulosin (XVI), (-) 4a-oxyluteoskyrin
The following structures are assigned to ( + )4a,4' a-dioxyrugulosin (XVII) and (-)4a,4'a-dioxyluteoskyrin (XVIII):
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STUDIES ON THE METABOLITES OF FUNGI AND LICHENS
On oxidation of ( + )rugulosin with activated manganese dioxide and sulphuric acid, ( + )dehydrorugulosin, C 30 H 18 0 10 , m.pt 278°(decomp.) was afforded. The diacetate of this compound gave a n.m.r. spectrum which agreed with the postulated structure (XIX) having an additional C-C linkage between the 4a and 4'a positions.
As elucidated in our earlier study, (-)flavoskyrin, yellow crystals, m.pt 215°(decomp.), [oc ] 0 -295°(dioxan), isolated from Penicillium islandicum Sopp NRRL 1175, was believed to be a monomeric modified anthraquinone which might be half a molecule of rugulosin, since it afforded chrysophanol very easily with dehydration reagents. In reexamining the chemical properties of (-)flavoskyrin, it has been found that on treating it with thionyl chloride and pyridine ( + )dianhydrorugulosin is yielded, while on treatment with pyridine (-)rugulosin is afforded. These results may be justified when (-)flavoskyrin is formulated as a dimeric modified anthraquinone, and the mass spectral measurement showed a peak of M -H 2 0(526) to agree with the dimeric molecular formula, C 30 H 24 0 10 , for (-)flavoskyrin.
On the other band, in our earlier studies 15 , we referred to a series of synthetic compounds initially prepared by Zahn and Koch 29 as the model compounds for flavoskyrin, luteoskyrin and rubroskyrin.
Starting from 1-hydroxyanthraquinone (XX), catalytic hydrogenation followed by mild oxidation with Pb(OAc) 4 resulted in an orange coloured quinonic compound, 3,4-dihydro-1-hydroxyanthraquinone [ = 3.4-dihydro, 1,9,10(2H)anthracenetrione] (XXIIa) which was readily converted into a yellowish non-quinonic compound formulated at that time by Zahn and Koch as (XXIII).
. W e prepared an analogue of the compound (XXIIb) starting from chrysazin ( = 1,8-dihydroxyanthraquinone) and studied the transformation of this compound and of(XXlla) itselfwith pyridine into non-quinonic compounds as themodel reaction of(-)rubroskyrin being converted into (-)luteoskyrin With regard to the dimerization reaetion of the dihydroanthraquinones and the close similarity between the u.v. absorption speetral eurves of the dimerized eompound (XXIV e) and (-)flavoskyrin, the latter eompound eould be formulated as (XXV) 31 . The yellow pigments named eumitrins A 1' A 2 and B which were isolated from U snea bayleyi 38 have been proved to be the modified bixanthones 39 which are biogenetically related to the secalonic acids (ergochromes) but are structurally a different type of compound, the details ofwhich will be reported elsewhere.
The occurrence of some fungal metabolites or structurally related compounds in Iichens is not now so unusual, and it would not now be so unlikely since most liehen substances are recognized as being metabolites of mycobionts of Iichens. The formation of some anthraquinones [Nakano, Komiya and Shibata (1971) 44 . The modified bianthraquinones discussed in the present lecture are correlated biogenetically with the modified bixanthones. Biosynthetic experiments on these metabolites are now in progress in our laboratory, details of which will be reported in the near future.
